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1Program in Chemical Biology and 2Department of Biophysics, University of Michigan, Ann Arbor, MichiganABSTRACT Many cell types undergo a hypoxic response in the presence of low oxygen, which can lead to transcriptional,
metabolic, and structural changes within the cell. Many biophysical studies to probe the localization and dynamics of single
fluorescently labeled molecules in live cells either require or benefit from low-oxygen conditions. In this study, we examine
how low-oxygen conditions alter the mobility of a series of plasma membrane proteins with a range of anchoring motifs in
HeLa cells at 37C. Under high-oxygen conditions, diffusion of all proteins is heterogeneous and confined. When oxygen
is reduced with an enzymatic oxygen-scavenging system for R15 min, diffusion rates increase by >2-fold, motion becomes
unconfined on the timescales and distance scales investigated, and distributions of diffusion coefficients are remarkably consis-
tent with those expected from Brownian motion. More subtle changes in protein mobility are observed in several other laboratory
cell lines examined under both high- and low-oxygen conditions. Morphological changes and actin remodeling are observed in
HeLa cells placed in a low-oxygen environment for 30 min, but changes are less apparent in the other cell types investigated.
This suggests that changes in actin structure are responsible for increased diffusion in hypoxic HeLa cells, although superreso-
lution localization measurements in chemically fixed cells indicate that membrane proteins do not colocalize with F-actin under
either experimental condition. These studies emphasize the importance of controls in single-molecule imaging measurements,
and indicate that acute response to low oxygen in HeLa cells leads to dramatic changes in plasma membrane structure. It is
possible that these changes are either a cause or consequence of phenotypic changes in solid tumor cells associated with
increased drug resistance and malignancy.INTRODUCTIONSingle-particle tracking (SPT) is an experimental tool that is
widely used to probe the dynamics and interactions between
proteins in live cells (1–5). In many ways, the advent of
superresolution fluorescence localization techniques (6–8)
has simplified SPT measurements by enabling the measure-
ment and quantification of a large number of single-particle
trajectories in a single cell over extended time periods
(9–11). This is accomplished through the use of photoacti-
vatable or photoswitchable fluorescent probes, which can
be present at high density and imaged at low density by acti-
vating a small subset of fluorophores in a single acquisition
frame. One disadvantage of using photoactivatable or photo-
switchable fluorescent probes for SPT measurements is that
they tend to result in short single-molecule trajectories,
whose reduced statistics poorly specify mobility parameters
such as diffusion coefficients (12,13). A second disadvan-
tage is that many photoactivatable or photoswitchable fluo-
rescent probes either require a low-oxygen and reducing
environment or have improved photophysical properties
under these imaging conditions (14–16). Since oxygen is
required for many normal cellular processes, imaging in
low oxygen could potentially lead to findings that are notSubmitted May 30, 2014, and accepted for publication August 26, 2014.
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solved oxygen.
Cells in the body experience a wide range of local oxygen
environments that can vary widely from typical culture and
imaging conditions. The concentration of oxygen in a buffer
that is equilibrated with normal (20%) atmosphere is roughly
200 mM at 37C, whereas the dissolved oxygen concentra-
tion in vivo can be much lower, ranging from ~2% to 10%
(20–100 mM) in organs and tissues (17,18). Even lower
oxygen conditions are found in some areas of the body,
such as parts of the bone marrow (19), with some stem cells
requiring<1–8% (<10–80 mM) for normal cellular develop-
ment and differentiation (18). Low-oxygen conditions are
routinely found in solid tumors, and, not surprisingly, some
cancer cell types have adapted to survive and even thrive in
these conditions (20). In many cases, cancer cells develop
an altered metabolism that is not dependent on the regular
availability of oxygen (21). The glucose oxidase and catalase
enzymatic scavenging systems commonly used in single-
molecule and superresolution imaging experiments achieve
a steady state of 14.6 mM at room temperature (22), which
is on the low end of the physiological range.
Low oxygen leads to the induction of hypoxic signaling
cascades through the activation of hypoxia-inducible factor
a (HIFa), which in turn regulates the expression of a large
number of different protein species, including enzymes
that are involved in glycolysis and factors that promotehttp://dx.doi.org/10.1016/j.bpj.2014.08.023
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tional responses include ATP reduction and mitochondrial
damage, which can lead to the release of reactive oxygen
species (ROS) and subsequent oxidation of biomolecules,
including lipids (24). In some stem cells and cancers,
changes in local oxygen concentration can induce large
phenotypic changes, including differentiation and reprog-
ramming (18,21). Since many laboratory cell lines originate
from cancers or rapidly dividing stem cells, the low-oxygen
conditions that are convenient for single-molecule imaging
measurements could potentially lead to large changes
in experimental outcomes. Here, we demonstrate that in
HeLa cells, hypoxic imaging conditions induce large
changes in the speed, confinement, and heterogeneity of
the motions of plasma membrane proteins.MATERIALS AND METHODS
Model protein constructs, cells, and transfection
The model protein design is summarized in Table S1 of the Supporting
Material. The mEos3.2 photoswitchable protein (25) was anchored to the
membrane by the following motifs: glycosylphosphatidylinositol (GPI)
derived from CD58 (26), a geranylgeranyl moiety with a polybasic
sequence (GG) derived from K-Ras (27), a palmitoyl and myristoyl
posttranslational modification (PM) derived from Lyn kinase (27), a single
transmembrane (TM) domain derived from hemagglutinin with point-
mutated cysteines to prevent palmitoylation (28), the full-length human
b2 adrenergic receptor (b2AR) (29), and ezrin (30). For those constructs
for which protein had to be delivered to the outside of the plasma membrane
(GPI, TM, and b2AR), an ER translocation sequence (MELFWSIVFTVL
LSFSCRGSDWESLQSTVPR) was added upstream of mEos3.2 to ensure
surface delivery. Each gene was inserted into C1 or N1 plasmid from
Clontech (Mountain View, CA). The localization of phosphatidylinositol
4,5 bisphosphate (PI(4,5)P2) was determined using the PH domain from
PLC-d1 conjugated to eGFP (31). HeLa (human cervical carcinoma) cells
were maintained at 5% CO2 at 37
C in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with L-glutamine, 5% fetal bovine serum
(FBS), and 1% Pen/Strep reagent. Chinese hamster ovary (CHO) and green
monkey kidney cell line COS-7 cells were maintained in DMEM supple-
mented with L-glutamine, 10% FBS, and 1% PenStrep reagent. RBL-
2H3 cells were maintained in DMEM with L-glutamine, 20% FBS, and
50 mg/ml gentamicin reagent. CH27 cells were carried in DMEM supple-
mented with 2 mM L-glutamine, 15% FBS, 50 mM b-mercaptoethanol,
and 1% Pen/Strep reagent. All cell culture reagents were purchased from
Gibco/Life Technologies (Carlsbad, CA). HeLa, COS-7, and CHO cells
were plated in 35 mm glass-bottomed MatTek dishes (Ashland, MA) 12–
24 hr before transfection with 0.5 mg DNA using GeneIn (Amsbio, Abing-
don, UK). Cells were incubated for 12–36 h after transfection and then
imaged. RBL-2H3 and CH27 cells were transfected via electroporation
using the Lonza Nucleofector system (Lonza, Allendale, NJ) and imaged
12–24 hr after transfection.Imaging buffers
The low-oxygen (hypoxic) imaging buffer contained Tris-buffered saline
solution (65 mM Tris, 100 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM
CaCl2 at pH 7.5) plus 15 mg/ml glutathione, 9 mg/ml glucose, and
1 mg/ml bovine serum albumin (BSA). CH27 and RBL-2H3 cells were
imaged in the same buffer but with 4 mg/ml glutathione added. An enzy-
matic oxygen-scavenging system (0.5 mg glucose oxidase and 0.04 mgBiophysical Journal 107(8) 1873–1884catalase added per 1 ml imaging buffer) was included. The high-oxygen
(normoxic) imaging buffer consisted of 135 mM NaCl, 5 mM KCl,
1 mM MgCl2, 1.8 mM CaCl2, 5.6 mM glucose, 1 mg/mL BSA, and
20 mM HEPES (pH 7.4). All reagents for imaging buffer were acquired
from Sigma-Aldrich (St. Louis, MO).Single-molecule imaging
Cells were imaged using total internal reflection (TIR) illumination through
a 100, 1.49 N.A. oil-immersion objective with an IX81-ZDC inverted
microscope (Olympus America, Center Valley, PA). Fluorescent cells
were identified using low-intensity 4955 50 nm wide-field light from an
LED excitation system (Cool LED, Andover, UK). An Ixon Ultra 897
EMCCD camera (Andor, Belfast, Northern Ireland) provided sensitivity
for single-molecule detection under light from a 561 nm sapphire laser
(Coherent, Santa Clara, CA). A second 405 nm laser (Cube; Coherent)
was used to stimulate photoconversion of mEos3.2 to the 561 nm-excitable
state. Excitation and emission were filtered by a multi-bandpass filter
cube (LF405/488/561/635; Semrock, Rochester, NY). Temperature was
controlled to 36.8C 5 1.0C using manual settings on a sample tempe-
rature feedback cooling and heating stage-top incubator (INUCP-KRi-F1;
Tokai Hit, Fujinomya, Japan). In the low-oxygen (hypoxic) buffer, data
were acquired over 4–10 min at close to 50 frames per second (20 ms
integration time) using custom acquisition software written in MATLAB
(The MathWorks, Natick, MA). Additional measures were used to pre-
vent phototoxicity under high-oxygen (normoxic) conditions, including
reducing the excitation light intensity by 20–50%, increasing integration
times to 30 ms, and limiting data acquisition to a maximum of 5 min.Localization, SPT, and reconstructed images
Fluorophores in each frame of a recording were localized using custom
software written in MATLAB as described previously (32). Diffraction-
limited spots were fit to a two-dimensional Gaussian function through
least-squares fitting using fminunc(). In this method, localizations are
culled to remove outliers in width, brightness, aspect ratio, and localization
precision. The image area is masked to exclude regions away from the cell,
and single molecules identified outside of this mask are excluded from
further analysis. Single-particle trajectories are generated by a simple near-
est-neighbor algorithm that connects localized fluorophores in successive
frames within a specified cutoff distance, and tracks are terminated when
more than one connection can be made within that distance. The cutoff is
chosen by monitoring histograms of step sizes from generated tracks to
ensure that it follows a smooth and single peaked distribution. If a spot
cannot be linked to the previous frame, the algorithm seeks candidate spots
a second frame back to compensate for momentary blinking of the fluoro-
phore or occasional losses of localized molecules in image processing. This
simple algorithm was found to yield results comparable to those obtained
with more complicated tracking algorithms involving global minimizations
(33). Superresolution images were reconstructed by incrementing the value
of a matrix corresponding to the localized position and then filtering by a
Gaussian function with a standard deviation of 50 nm. In live cells, to
reduce spatial correlation artifacts from moving particles, only the first
point of each recorded trajectory was included in reconstructed images.
The absolute intensity of images reconstructed in this way is arbitrary, since
it depends on the expression level as well as the photophysical properties
of the probes, such as the on rate, off rate, and duty cycle, which can
vary between experimental conditions.Quantification of diffusion parameters
The mean-squared displacement (MSD) as a function of time interval (t)
was tabulated from single-molecule trajectories (x(t), y(t)) followed for at
TABLE 2 Single-molecule diffusion parameters under low-
oxygen conditions
<DSM> DSM (25–75%) DBrownian <aSM>
aSM
(25–75%)
PM 0.96 0.43–1.6 0.975 0.19 0.90 0.70–1.2
GG 0.67 0.19–1.2 0.995 0.16 0.69 0.18–1.1
GPI 0.71 0.36–1.0 0.735 0.06 0.87 0.67–1.1
TM 0.36 0.18–0.53 0.405 0.01 0.89 0.70–1.1
b2AR 0.26 0.13–0.38 0.275 0.01 0.87 0.67–1.1
Brownian 0.96  D 0.55 
D –1.33  D
D 0.94 0.73–1.15
DSM is given in mm
2/s. <DSM> and <aSM> indicate the mean value and
(25–75%) indicates the range of values corresponding to the 25th–75th per-
centiles of measured values. DBrownian corresponds to the diffusion coeffi-
cient needed to obtain the best agreement between Brownian simulations
and experimental data, as described in Materials and Methods. Brownian
refers to the mobility parameters obtained by fitting simulated Brownian
trajectories with diffusion coefficient D.
Low Oxygen Speeds Diffusion 1875least 12 image frames according to MSD(t) ¼ <(x(t þ t)  x(t))2> þ
<(y(t þ t)  y(t))2>, where < > denotes an average over all time (t). Sin-
gle-molecule diffusion coefficients (DSM) were defined as MSD(t) ¼
4DSMt þ offset and were evaluated through a weighted linear least-
squares fitting routine in MATLAB (lscov) using points 2–4 of the
MSD(t) curve, corresponding to 40% t% 80 ms under low-oxygen con-
ditions and 60 % t % 120 ms under high-oxygen conditions. The first t
point was excluded because the integration time is a significant fraction of
the frame time and is not well specified (34). The weights used were the
inverse of the standard error of the mean for each MSD(t), and offsets
were consistent with the average localization precision of 30 nm. The
confinement exponent a was defined as MSD(t) ¼ A ta and was evaluated
by fitting points 1–6 of log(MSD) versus log(t) to a line, also using lscov.
A is a constant that is disregarded, and including a linear offset in this
relation did not significantly alter the results presented. Representative tra-
jectories, MSD(t) curves, and fits to extract DSM and aSM are shown in
Fig. S1. In Tables 1 and 2, diffusion coefficients are reported correspond-
ing to the mean and 25th–75th percentiles of the data. These were ob-
tained from the cumulative distribution function using the ecdf function
in MATLAB.
Brownian motion was simulated by generating lateral displacements
in two dimensions using a Gaussian distributed random number generator
in MATLAB (randn). Simulated trajectories were constructed using the
empirical distribution of trajectory lengths, taking into account trajectories
with segments that skip image frames. When included in the figures,
histograms of simulated DSM were shifted along the diffusion coefficient
axis to determine the simulated diffusion coefficient that was in the best
agreement with experimental findings (the corresponding bulk diffusion
coefficient values are reported in Table 2). The amplitude of the simulated
DSM histograms varies in the figures to facilitate comparison with acquired
data.Giant plasma membrane vesicles
Giant plasma membrane vesicles (GPMVs) labeled with DiI-C12 were
generated through incubation with low concentrations of dithiothreitol
and formaldehyde (35,36), and imaged as previously described (37).
Transition temperatures were determined by measuring the fraction of
GPMVs that contained coexisting liquid phases as a function of tempera-
ture, and fitting to a sigmoid function to extract the temperature at which
half of the vesicles had passed through the transition (37). GPMVs of
CH27 cells were not investigated, because these cells are not adherent
and this introduces technical challenges. SPT measurements in GPMVs
were accomplished by expressing TM in CHO cells and producing GPMVs
in an active buffer containing 4 mM glutathione instead of dithiothreitol
and without DiI-C12 labeling. Single molecules in GPMVs were imaged
and temperature was controlled as described above for measurements
in intact cells.TABLE 1 Single-molecule diffusion parameters under high-
oxygen conditions in HeLa cells
<DSM> DSM (25–75%) <aSM> aSM (25–75%)
PM 0.30 0.048–0.58 0.61 0.15–1.0
GG 0.23 0.020–0.45 0.63 0.23–1.0
GPI 0.16 0.022–0.26 0.53 0.15–0.92
TM 0.11 0.027–0.20 0.56 0.16–0.92
b2AR 0.060 0.014–0.11 0.34 0.030–0.62
Brownian 0.96  D 0.55  D –1.33  D 0.94 0.73–1.15
DSM is given in mm
2/s. <DSM> and <aSM> indicate the mean value and
(25–75%) indicates the range of values corresponding to the 25th–75th
percentiles of measured values. Brownian refers to the mobility parameters
obtained by fitting simulated Brownian trajectories with diffusion coeffi-
cient D.Phalloidin staining
Cells were fixed using 4% paraformaldehyde and 0.1% glutaraldehyde after
incubation for 30 min at 37C with either a normoxic or hypoxic buffer.
Cells were permeabilized with 0.1% Triton X-100 and stained with
Alexa Fluor 647 (A647)-labeled phalloidin (Invitrogen/Life Technologies,
Carlsbad, CA) according to the protocol supplied by the manufacturer.Superresolution fluorescence localization
imaging and cross-correlation analysis
Transiently transfected HeLa cells were chemically fixed and then stained
with phalloidin as described above. Single-molecule emissions from
mEos3.2 and A647 were acquired simultaneously over at least 5000 image
frames and the raw data were used to reconstruct high-resolution images
without grouping multiple localizations of the same fluorophore or added
blurring, as described previously (32,38). Cross-correlation functions
measure the increased probability of finding an A647 probe at a radius
r away from a mEos3.2 probe, or vice versa, compared with that expected
from a random distribution. Cross-correlation functions were tabulated
from masked regions of single transfected cells as described previously
(32,38) and normalized such that the value of one represents a random
distribution, and the curves shown represent an average over four to six
distinct cells.RESULTS AND DISCUSSION
Diffusion of a minimal TM peptide is
heterogeneous and confined in live HeLa cells
We probed the mobility of a single-pass TM peptide conju-
gated to the photoswitchable fluorophore mEos3.2 (25) and
transiently expressed in HeLa cells at 37C. We visualized
and localized single molecules, and then assembled trajec-
tories using standard algorithms as described in Materials
and Methods. Using the photoswitchable fluorophore
mEos3.2, we were able to acquire a large number of trajec-
tories within a single cell over a time course of minutes
because excitation and activation lasers could be tuned such
that only a sparse subset of fluorophores were imaged in a
single acquisition frame. This is demonstrated in Fig. 1 A,Biophysical Journal 107(8) 1873–1884
FIGURE 1 SPT-PALM of a transmembrane peptide in normoxic HeLa
cells at 37C. (A) Single-molecule trajectories lasting at least 12 image
frames are superimposed on a reconstructed image generated from all local-
ized particles. (B) Single-particle diffusion coefficients are more broadly
distributed in this single cell than expected from Brownian motion with
the same track length distribution. DSM is tabulated as described in the
main text. (C) Diffusion histograms from a single cell are representative
of those measured over multiple cells. (D) The distribution of the confine-
ment exponent a indicates the presence of an immobile fraction centered
around a ¼ 0 (red arrow). Mobile (a > 0) trajectories are shifted to lower
values than expected for Brownian motion, indicating some confinement.
(E) a shows modest cell-to-cell variation, primarily in the fraction of immo-
bile trajectories. To see this figure in color, go online.
1876 Edwald et al.which shows trajectories acquired by imaging a single HeLa
cell for 4 min, and raw data are shown in Movie S1.
We quantified the mobility of single molecules by first
tabulating the MSD as a function of time interval (t) from
trajectories lasting at least 12 image frames, corresponding
to 360 ms. We extracted single-molecule diffusion coeffi-
cients (DSM) by fitting points 2–4 of MSD(t) to a line,
corresponding to 60 ms % t % 120 ms, with the initial
time interval excluded to avoid potential artifacts arising
from the finite integration time in these measurements.
Here, DSM is simply defined as the slope of this line divided
by 4. We estimated the confinement of single-molecule
trajectories by fitting points 1–6 (%180 ms) of MSD(t) to
Ata, where A is a constant that is disregarded. The param-Biophysical Journal 107(8) 1873–1884eter a is frequently called the confinement exponent, where
a ¼ 1 indicates Brownian or unconfined motion, a < 1
indicates confined motion, and a > 1 indicates directed
motion (39,40). Several representative MSD(t) curves fit
to extract DSM and a are shown in Fig. S1, and the ensemble
of these values measured from trajectories acquired from a
single cell is shown in Fig. 1, B and D.
The distribution of single-molecule mobility observed in a
single cell is broad, spanning over 2 orders of magnitude in
DSM and between 0.5 and 1.5 in a. Some of this heteroge-
neity arises from inherent challenges in specifying single-
molecule diffusion coefficients from short trajectories
(12,13), because MSD(t) has a low signal/noise ratio. For
comparison, we extracted DSM and a as described above,
but from simulated Brownian trajectories with the same
track-length distribution as observed experimentally. The
simulated distributions of DSM are narrower than those
observed in cells (Fig. 1 B), indicating that the motions of
the TM protein are more heterogeneous than would be
expected from a single population of Brownian diffusers.
The experimental distribution of a is shifted to lower
values than those obtained from the Brownian simulation
(Fig. 1 D). Additionally, a distinct peak at a ¼ 0 indicates a
population of immobile or highly confined trajectories.
Taken together, these results indicate that the experimentally
observed trajectories are both more heterogeneous and more
confined than simulated Brownian trajectories. The distribu-
tions of bothDSManda in this single cell are representative of
those obtained by collecting trajectories from six distinct
cells (Fig. 1, C and E), indicating that heterogeneity of mo-
tion within a single cell dominates over cell-to-cell variation.
A number of previous studies have reported that plasma
membrane proteins and lipids exhibit heterogeneous motion
in intact cells. For example, several studies reported that
between 20% and 40% of plasma membrane proteins are
immobile or highly confined (40–42). Furthermore, the mo-
bile fraction often fits best to two populations of diffusers
with different diffusion coefficients (40,43,44). Combi-
nations of different modes of diffusion, including free
Brownian, confined, and directed diffusion, have often
been observed (40,42–45). The data presented in Fig. 1
are consistent with these previous findings. Distributions
of DSM can minimally be described as a superposition of
three states, one immobile and two confined mobile popu-
lations, although more complicated models could also
describe this data set. On our microscope system, immobile
trajectories yield a distribution of diffusion coefficients
centered near 0.01 mm2/s due to localization error, as we
experimentally determined by imaging chemically fixed
cells (Fig. S2). For the purposes of this study, we report
the mean DSM to estimate diffusion coefficients. For TM
in this cell, the mean DSM is 0.13 mm
2/s and 50% of the
trajectories fall within the range of 0.03–0.23 mm2/s. The
mean DSM is slightly lower when all trajectories recorded
over six distinct cells are included (Table 1).
Low Oxygen Speeds Diffusion 1877Diffusion is heterogeneous and confined for a
series of structurally distinct plasma membrane
anchors
In addition to the TM protein described above, we character-
ized the lateral diffusion of a series of proteins consisting of
mEos3.2 anchored to the plasma membrane through a vari-
ety of motifs. These included a GPI-linked protein trafficked
to the outer leaflet, an inner leaflet protein conjugated
through PMs, a second inner leaflet protein with a polybasic
stretch adjacent to a GG posttranslational modification, and
the full-length b2 adrenergic receptor (b2AR), which is a
seven-pass G protein-coupled receptor. Except for b2AR,
all of the investigated proteins are biologically inert minimal
anchor peptides conjugated to the fluorescent probe. The
sequences of these constructs and their sources are listed
in Table S1, and a schematic of their modes of anchoring
with the membrane is depicted in Fig. 2 A.
As was the case with our single-pass TM protein, the his-
tograms of single-molecule diffusion coefficients are broad
for all proteins investigated, although the average diffusionFIGURE 2 The motions of a series of plasma membrane anchors are
both heterogeneous and confined in HeLa cells at 37C. (A) Schematic
representations of the five membrane proteins used in this study. (B and
C) Distributions of single-molecule diffusion coefficients (DSM, B) and
confinement exponents (a, C) tabulated from trajectories followed for at
least 12 image frames. Each curve includes trajectories collected from at
least five cells per condition. To see this figure in color, go online.coefficients vary between constructs, as can be seen in Fig. 2
B and Table 1. Heterogeneous motion is observed for all
anchor types, suggesting that although the detailed structure
of the anchor affects absolute diffusion coefficients, it does
not determine motional heterogeneity. Instead, structural
features of the membrane itself likely dominate motional
heterogeneity, such that all anchoring schemes are affected.
This could arise from molecular crowding or corralling due
to interactions with the underlying cytoskeletal network
(46–49). Just as was the case with TM, histograms of DSM
could be described using a superposition of one immobile
and two mobile populations of diffusers. The mean and
25th–75th percentile DSM values for all proteins are listed
in Table 1.
Overall, the ranges of diffusion coefficients measured for
the proteins in Fig. 2 B and Table 1 are consistent with or
lower than values previously obtained for similar proteins
by a range of experimental methods. Previous studies
measured GG and PM diffusion coefficients to be between
0.4 and 1.1 mm2/s (41,43,50), and GPI-anchored protein
diffusion was measured to be between 0.17 and 1.1 mm2/s
(41,51–54). Diffusion coefficients for minimal TM anchors
similar to the one investigated herewere reported to bewithin
0.14–0.58 mm2/s (41,51–53), and GPCRs were shown to
diffuse at rates of 0.013–0.48 mm2/s (45,55–59). It is notable
that the range of diffusion coefficients reported in the litera-
ture for even these simple proteins is broad. This is likely
due to differences arising from the different methods and
cell types used, as well as differences in the methods and
models used to analyze results. The mean values in Table 1
are systematically on the lower end of the diffusion coeffi-
cients described in the literature. There are two likely reasons
for this: First, in contrast to most previous studies, we did not
attempt to neglect immobile trajectories, which in some
cases are a substantial fraction of total trajectories. In our
experiments, immobile trajectories showed a distribution
of diffusion coefficients centered at roughly 0.01 mm2/s
(Fig. S2). Second, the mean DSM reported in Table 1 under-
estimates the bulk diffusion coefficient even in simulated
Brownian trajectories with our empirical track-length distri-
bution (D in Table 1). Both of these factors act to lower our
reported diffusion coefficients.
By examining the distributions of a shown in Fig. 2 C and
Table 1, one can see that confinement is evident for all pro-
teins investigated. In all cases, the histograms contain a pop-
ulation that is peaked around a ¼ 0, corresponding to the
immobile proteins in the diffusion histograms. With the
exception of PM, histograms also contain a second peak
centered at a < 1, indicating that the remaining trajectories
are mobile but confined. For PM, we find that the mobile
population is largely unconfined. PM is also the protein
with the fastest diffusion coefficients, and it is possible
that the reduced confinement detected for this protein is a
result of the larger relative distance this protein travels be-
tween acquisition frames separated by 30 ms. If this distanceBiophysical Journal 107(8) 1873–1884
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regions, we may not have the sensitivity to observe confine-
ment. Previous studies have also reported confinement of
similar membrane anchored proteins. Kenworthy et al.
(41) found an 85–90% mobile fraction across multiple pro-
teins. Lommerse et al. (43) found ~40% confinement for
proteins that are similar to PM and GG, a number that likely
encompasses both immobile and highly confined mobile
diffusers.FIGURE 3 Reconstructed images and trajectories for TMandGPI imaged
under high- and low-oxygen conditions. Imageswere reconstructed using the
first localized position in all trajectories acquired in%3 min of acquisition
time independently of trajectory length, as described in Materials and
Methods. The trajectories superimposed on this image were followed for
at least 12 frames and are color-coded according to the tabulated single-
molecule diffusion coefficient DSM. To see this figure in color, go online.Hypoxia leads to homogeneous and unconfined
motion in HeLa cells
There are significant advantages to conducting single fluoro-
phore or superresolution localization microscopy measure-
ments in low-oxygen and reducing conditions. For mEos
proteins, reduced oxygen in the imaging buffer supports a
higher quantum yield and reversible photoswitching (15),
and low oxygen is required for efficient photoswitching
of the majority of organic fluorophores used in superresolu-
tion fluorescence localization measurements (14,16,60). In
addition, reduced oxygen leads to a reduced production of
oxygen free radicals that are toxic to many cells. Extended
exposure of HeLa cells to 560 nm light at the levels used
in this study led to the production of blebs when cells were
imaged in a conventional imaging buffer for ~20 min
(Fig. S3). For this reason, light exposure was limited to
<5min in the measurements described above. Light-induced
blebbing was not observed in an imaging buffer that con-
tained a reducing agent and oxygen-scavenging system. Cells
did not stain with propidium iodide after incubation in a
hypoxic and reducing imaging buffer for 30 min (Fig. S3).
Although low-oxygen conditions are preferable for SPT
imaging using mEos3.2, we observed significant changes
in the mobility of membrane-anchored proteins in HeLa
cells under these conditions. Single-molecule trajectories
explored larger areas when cells were imaged under low-
oxygen conditions, and fewer confined trajectories were
evident (Fig. 3). Also, images reconstructed using the first
localized point of all trajectories appeared more self-clus-
tered in normoxic versus hypoxic cells, possibly indicating
that the proteins were heterogeneously distributed under nor-
moxic conditions. The distributions of single-molecule diffu-
sion coefficients narrowed and shifted to larger values for
all proteins investigated under hypoxic conditions (Fig. 4).
The distributions of confinement exponents also shifted to
larger values and few trajectories were immobile for most
proteins. One minor exception is GG (Fig. 4 B), which re-
tained a significant immobile population. We attribute this
to a fraction of this protein being deposited on the glass slide
due to secretion or cell lysis (Fig. S4). Remarkably, the
mobility parameters for all proteins investigated were well
represented by a single population of Brownian diffusers,
which can be seen by comparing the experimental observa-
tions with those extracted from simulated trajectories.Biophysical Journal 107(8) 1873–1884Changes in lateral diffusion in the photoprotective buffer
are attributed to the oxygen depletion. Removing gluta-
thione from the buffer had little effect on protein mobility
(Fig. S5). Addition of an enzymatic oxygen-scavenging sys-
tem (glucose, glucose oxidase, and catalase) to a normoxic
imaging buffer resulted in a faster and apparently more
Brownian motional profile in the same plate of cells within
10–15 min at 37C (Fig. S6). Oxygen depletion was previ-
ously shown to cause a similar increase in lateral diffusion
of membrane proteins in other cell types (61,62). In those
studies, increased diffusion was attributed to both cytoskel-
etal remodeling (61) and increased peroxidation of lipids in
the hypoxic state (61–63).The hypoxic diffusion phenotype is less
pronounced in other cell lines
As shown in Figs. 3 and 4, dramatic changes in diffusionwere
observed in HeLa cells incubated in an oxygen-scavenging
buffer for a range of structurally distinct plasma mem-
brane-anchored proteins and peptides. To explore whether
FIGURE 4 Diffusion coefficients increase and become Brownian in
HeLa cells under low-oxygen conditions. (A–E) Broadly distributed histo-
grams of DSM in HeLa cells imaged under normal oxygen conditions
sharpen and shift to higher values when proteins are imaged in low-oxygen
conditions. The distributions of DSM narrow to such an extent that their
shape is well described by Brownian simulations with the same track length
distribution as observed experimentally. Diffusion coefficients extracted by
fitting to Brownian simulations are given in Table 2. (F) The confinement
exponent a also shifts to larger values when cells are imaged under low-
oxygen conditions. In all cases, distributions show a peak near a ¼ 1 and
closely resemble those observed for simulated Brownian trajectories. To
see this figure in color, go online.
FIGURE 5 Diffusion is moderately affected by a low-oxygen imaging
environment in other cell types. The normoxic and hypoxic imaging buffers
are described in Materials and Methods. PM was expressed in CHO and
CH27 cells, GPI was expressed in RBL-2H3 cells, and TM was expressed
in COS7 cells. Each curve contains trajectories from at least three separate
cells. To see this figure in color, go online.
Low Oxygen Speeds Diffusion 1879this phenotype also occurs in other commonly used cell
types, we examined the diffusion of plasma membrane
proteins in four other laboratory cell lines under normal
and oxygen-scavenging imaging conditions. Histograms of
DSM and a were tabulated from trajectories acquired at
37C and are shown in Fig. 5. CHO cells were derived
from a hamster ovary primary culture and showed a decrease
in the fraction of immobile trajectories of PM anchors under
hypoxic conditions, although the diffusion coefficients of
mobile trajectories remained largely unchanged. COS7 cells
are transformed kidney fibroblasts derived from monkey.
No significant change was observed in the number of mobile
trajectories of the TM anchor, although a slight increase in
diffusion coefficient was observed. RBL-2H3 cells are a
mast cell line derived from rat. The diffusion coefficient of
GPI increased slightly and became slightly more homoge-
neous in RBL cells imaged in a low-oxygen buffer. Lastly,
CH27 cells are a mouse B cell lymphocyte cell line. Themobility of the PM anchor increased slightly when cells
were imaged in a low-oxygen buffer. This is consistent
with previous studies in RBL-2H3 and primary B cells that
showed that cells retain robust calcium mobilization in
response to immune receptor cross-linking in low-oxygen
and reducing conditions (11,64), suggesting that functionally
relevant plasma membrane remodeling does not occur in
these cell types after acute exposure to a low-oxygen envi-
ronment. Overall, these results indicate that low-oxygen
and reducing conditions do affect the mobility of plasma
membrane proteins in a range of cell types, but not neces-
sarily to the extent observed in HeLa cells. The more subtle
changes in probe mobility observed in these other cell types
aremore in linewith previous observations upon perturbation
of ATP depletion (65).
It may not be surprising that HeLa cells showed a more
dramatic response to low-oxygen conditions compared
with other cell types. The HeLa cell line is derived from hu-
man cervical cancer, a solid tumor in which cells must be
able to adapt to a range of local oxygen environments to sur-
vive and proliferate. Low-oxygen conditions can stimulate
cancer cells to migrate, trigger the activation of growth fac-
tor receptors, or lead to oxygen-responsive transcriptional
regulation (66,67). It is also well documented that the degree
of hypoxia measured in tumors correlates with aggression,
treatment resistance, and lower survival rates for patients
with solid cancers, including cervical cancer (68–70). It is
possible that the cellular changes that lead to increased
diffusion rates in HeLa cells are a consequence of signaling
pathways that are activated under low-oxygen conditions
or are involved in growth, proliferation, or migration.Biophysical Journal 107(8) 1873–1884
1880 Edwald et al.Hypoxia leads to actin remodeling in HeLa cells
Brightfield images indicate that HeLa cells are more
rounded in low-oxygen conditions than in high-oxygen con-
ditions (Fig. 6 A). This is consistent with previous reports
that cortical actin is remodeled in response to this condition
(61). Cytoskeletal remodeling is also evident when actin is
stained with phalloidin in chemically fixed cells, a probe
that selectively binds F-actin. Fig. 6 A also shows epifluor-
escence and TIR images of HeLa cells that were chemically
fixed in normoxic buffer, or after incubation in a hypoxic
buffer for 30 min at 37C. Notably, hypoxic HeLa cells
contain a large number of actin-rich protrusions that are
also present in normoxic HeLa cells, but to a much lesser
extent. Similar protrusions are observed in HeLa cells
immediately prior to cell division (71), so it is possible
that this hypoxic condition in some way resembles cells in
the G2 or M stages of the cell cycle. Phalloidin staining sug-
gests that cortical actin may be depleted on the proximal
surface in hypoxic cells relative to the protrusions and cell
edges. We also probed for actin remodeling in the other
cell types shown in Fig. 5. We found that although changes
in phalloidin staining were observed in cells that wereFIGURE 6 (A) Incubation of HeLa cells with oxygen-scavenging buffer
for 30 min at 37C induces changes in morphology. HeLa cells, which are
typically flat and geometric, become rounded in low oxygen when viewed
under brightfield transmitted light. Actin, stained with phalloidin after fix-
ation, becomes more pronounced in the cell cortex and actin-rich protru-
sions are evident in both epifluorescence and TIR images. Scale bars are
20 mm. (B) Single-molecule diffusion coefficients for the TM in isolated
GPMVs, hypoxic, and normoxic cells. Cells were imaged at 37C and
DSM was determined for trajectories lasting at least 12 frames. GPMVs
were imaged at 32C and DSM was determined for trajectories lasting at
least four frames, which served to broaden the distributions. To see this
figure in color, go online.
Biophysical Journal 107(8) 1873–1884chemically fixed under normoxic and hypoxic conditions,
they were not as dramatic as what was observed in HeLa
cells (Fig. S7).
Previous studies reported increased rates of diffusion of
some membrane proteins and lipids in the presence of inhib-
itors of actin polymerization (65,72), and there is evidence
that the majority of plasma membrane proteins are corralled
by a direct or indirect interaction with actin on the time-
scales and distance scales probed in this study (73). Based
on these previous findings and the actin staining results
shown in Fig. 6 A, we hypothesized that actin remodeling
at the proximal cell surface is responsible for the dramati-
cally increased rates of diffusion in HeLa cells and more
minor increases in other cell types. It should be noted that
the diffusion coefficients in hypoxic HeLa cells remained
much lower than those observed in plasma membrane
vesicles isolated from cortical actin (Fig. 6 B), suggesting
that any loss of actin-membrane coupling was only partial.
We measured the mean DSM for TM in GPMVs to be
0.9 mm2/s at 32C, which is more than a factor of 2 faster
than the same protein in hypoxic HeLa cells at a higher
temperature (D ¼ 0.37 mm2/s at 37C).
If the organization of membrane anchors is affected by
local actin density, either through direct/indirect interactions
or through the generation of membrane topology by actin-
rich protrusions (74), reduced coupling to cortical actin
could influence diffusion. To address this issue, we imaged
chemically fixed and phalloidin-stained HeLa cells express-
ing either the TM or GPI, using superresolution fluorescence
localization imaging methods (Fig. 7 A). Phalloidin was
heterogeneously distributed on the proximal cell surface un-
der both normoxic and hypoxic conditions, with normoxic
cells showing stress fibers and hypoxic cells showing accu-
mulation of phalloidin in protrusions and at the cell periph-
ery. Lateral heterogeneity was not apparent for TM anchors
under either fixed hypoxic or fixed normoxic conditions
beyond the overcounting artifacts associated with this sin-
gle-color measurement (32). This is in contrast to the recon-
structed images from live cells shown in Fig. 3, where the
TM appears more self-clustered in normoxic versus hypoxic
cells. This discrepancy between live-cell and fixed-cell re-
constructed images is most likely due to reversible blinking
of immobile proteins in live-cell measurements. In chemi-
cally fixed cells, the vast majority of mEos3.2-labeled
probes are sampled multiple times over the course of an im-
aging measurement. This is why the reconstructed images in
Fig. 7 A appear as a collection of well-sampled spots. In live
cells, the same overcounting occurs, but only contributes to
a self-clustered appearance when probes do not diffuse over
large distances between observations. Since there are many
more immobile trajectories in normoxic HeLa cells than in
hypoxic ones, this overcounting artifact likely leads to the
appearance of more self-clustering in the former.
We quantified the codistribution of phalloidin and both
TM and GPI anchors using pair cross-correlation functions,
FIGURE 7 Membrane anchors do not strongly colocalize with F-actin.
(A) Reconstructed superresolution images of the TM and phalloidin in
HeLa cells chemically fixed under normoxic and hypoxic conditions. (B)
Colocalization was quantified using pair cross-correlation functions as
described in Materials and Methods; error bounds denote the standard error
of the mean between cells. Cross correlations remain close to one at all
radii, indicating that all probes are only weakly colocalized with f-actin
as stained with phalloidin. For comparison, similar measurements were
also done with HeLa cells expressing the actin adaptor protein ezrin-
mEos3.2, where larger cross correlations are observed at short radii. To
see this figure in color, go online.
Low Oxygen Speeds Diffusion 1881which measure the relative density of membrane anchors as
a function of distance away from the average phalloidin
probe or vice versa (Fig. 7 B). We obtained cross-correlation
functions that remained close to one for all anchors and con-
ditions, indicating that there was remarkably little colocali-
zation between phalloidin and either the TM or GPI anchors
in both normoxic and hypoxic cells. For comparison, we
also imaged ezrin conjugated to mEos3.2, which showed
greater colocalization with phalloidin under both fixation
conditions, as indicated by cross-correlation values of >1
for radii of <100 nm. Ezrin is an adaptor protein that can
bind to both actin and some plasma membrane proteins
(30), and is largely immobile when expressed and tracked
in live HeLa cells (Fig. S8). We observed a slightly reduced
colocalization of ezrin with F-actin under hypoxic condi-
tions, consistent with the notion that there is reduced
coupling between cortical actin and the plasma membrane
under these conditions.The results presented in Fig. 7 suggest that the reduced
diffusion of the TM and GPI anchors in normoxic cells is
not due to selective recruitment of anchors to regions of
high F-actin density. If actin is indeed responsible for the
reduced and confined diffusion of minimal membrane an-
chors under normoxic conditions, it likely acts through a
mechanism whereby probe dynamics are affected without
altering probe organization. This could occur if actin struc-
ture influences membrane hydrodynamics (75) or if probe
confinement occurs through passive corralling by actin or
actin-associated components (47,76). Our finding that orga-
nization is not greatly correlated with actin for the TM and
GPI anchors is expected, since they are minimal anchors
that should not specifically interact with other cellular pro-
teins. Previous studies have demonstrated colocalization of
full-length proteins with actin using similar methods in a
range of contexts (10,77,78)Changes in lipid composition under hypoxic
conditions do not correlate with diffusion
changes
In a previous study, Yu et al. (79) showed that HeLa lipid
composition was altered when the lipid was incubated in
hypoxic buffer for 3 h and whole-cell lipid extracts were
quantified by mass spectrometry. They found an overall
reduction in the concentration of PI lipids. Based on that
result, we hypothesized that a general loss of PI(4,5)P2 lipid
at the plasma membrane could contribute to increased rates
of diffusion, since this lipid is implicated in coupling the
inner leaflet to cortical actin (80,81). To address this issue,
we transiently expressed a PI(4,5)P2-sensitive PH domain
conjugated to eGFP in HeLa cells and chemically fixed
under both normoxic and hypoxic conditions. We did not
observe any obvious change in membrane localization of
the PH probe when imaged by epifluorescence microscopy
(Fig. 8 A), suggesting that PI(4,5)P2 is retained at the plasma
membrane under the hypoxic conditions explored in this
study. Previous studies observed changes in the same PH
domain localization under conditions that are known to
disrupt membrane-actin coupling, through methods that
induce blebbing (81).
Yu et al. (79) also noted an increase in the general level of
unsaturation under hypoxic conditions, and other groups
have attributed an increase in lipid peroxidation to the
release of ROS from mitochondria (62,68,82). This led us
to hypothesize that increases in diffusion coefficients in
hypoxic cells are a result of changes in the mixing properties
of plasma membrane lipids. To investigate this hypothesis,
we prepared GPMVs from normoxic and hypoxic cells,
and then measured the average miscibility transition tem-
perature of these vesicles. Miscibility transition tempera-
tures were systematically higher in GPMVs prepared from
hypoxic HeLa cells (21C5 1C) compared with normoxic
HeLa cells (16C5 1C) (Fig. 8 B). This is consistent withBiophysical Journal 107(8) 1873–1884
FIGURE 8 (A) Transiently expressed PH-eGFP is a marker of PI(4,5)P2
lipids and is localized to the plasma membrane in HeLa cells chemically
fixed under both normoxic and hypoxic conditions. (B) GPMVs prepared
from hypoxic HeLa cells contain two coexisting liquid phases at tempera-
tures above those prepared from normoxic HeLa cells, indicating that they
have a higher miscibility transition temperature. (C) Transition temperature
shifts vary in sign and magnitude for the different cell types investigated. To
see this figure in color, go online.
1882 Edwald et al.a change in membrane lipid and/or protein composition,
although the chemical nature of this change is unknown.
Miscibility transition temperatures were also modulated
by low-oxygen conditions in the other cell types investi-
gated, although both the sign and magnitude of this change
were cell-type dependent (Fig. 8 C). Taken together, these
results indicate that reduced oxygen conditions lead to
changes in membrane protein and lipid content, but this
does not appear to directly correlate with changes in mem-
brane anchor mobility.CONCLUSIONS
In this work, we used photoswitchable, genetically encoded
fluorophores in combination with single fluorophore
tracking to probe the mobility of a range of plasma mem-
brane-anchored proteins in intact HeLa cells at 37C.
In the absence of an oxygen-scavenging system in the
imaging buffer, all of the investigated proteins exhibited
heterogeneous and confined motions. The distributions of
single-molecule mobility parameters had similar shapes,
suggesting that both heterogeneity and confinement are a
consequence of the generic plasma membrane structure
and not the detailed structure of the anchors investigated.
The absolute rates of diffusion depended on the structure
of the membrane anchor, and the values measured here are
in agreement with measurements of similar proteins in the
literature.
A dramatic diffusion phenotype was observed in HeLa
cells when an oxygen-scavenging system was included inBiophysical Journal 107(8) 1873–1884the imaging buffer, but not in four other cell lines investi-
gated. In hypoxic HeLa cells, single molecules diffused
more quickly and their motion was unconfined, at least at
the timescales (20–500 ms) and distance scales (30 nm to
10 mm) probed in this study. Surprisingly, the distributions
of single-molecule mobility parameters were well described
as a single population of Brownian diffusers, indicating that
motion was homogeneous. Hypoxia in HeLa cells leads to
cytoskeletal rearrangements and changes in cellular and
plasma membrane lipid composition, and it is likely that
these changes contribute to increased diffusion rates of
plasma membrane proteins. Hypoxia is also linked to
increased survival rates of many solid tumors, and it is
intriguing to speculate that changes in plasma membrane
structure and composition contribute to both the survival
and proliferation of HeLa cells under hypoxic conditions.
Since many superresolution imaging measurements either
require or show improved performance in a low-oxygen
environment, to properly interpret the experimental results,
it is important to understand the biological and biophysical
changes that occur in cells in this experimental condition.
Finally, although it is clear that hypoxic conditions repre-
sent a significant biological perturbation of HeLa cells, the
greatly simplified single-molecule diffusion profiles may
prove beneficial for some biophysical studies of protein
mobility. From this study, we conclude that hypoxic HeLa
cells represent a state that is intermediate between normoxic
cells and isolated or purified membranes. This could prove
to be a useful experimental system for exploring the phys-
ical basis of differences between the intact cellular environ-
ment and free-floating membranes, akin to recent studies
that explored how diffusion in model systems is modulated
by coupling to a reconstituted cortical actin cytoskeleton
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